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Abstract: In recent years, neutrosophic sets (NSs) have attracted widespread attentions and been 
widely applied to multiple attribute decision-making (MADM). The interval neutrosophic set (INS) is 
an extension of NS, in which the  truth-membership, indeterminacy-membership and 
falsity-membership degree are expressed by interval values, respectively. Obviously, INS can 
conveniently describe complex information. At the same time, Muirhead mean (MM) can capture the 
interrelationships among the multi-input arguments, which is a generalization of some existing 
aggregation operators. In this paper, we extend MM to INS, and develop some interval neutrosophic 
Muirhead mean (INMM) operators, and then we prove their some properties and discuss some special 
cases with respect to the parameter vector P. Moreover, we propose two new methods to deal with 
MADM problems based on the proposed operators. Finally, we verify the validity of our methods by an 
illustrative example, and analyze the advantages of our methods by comparing with other existing 
methods. 
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1. Introduction 


In real decision makings, because of complexity and fuzziness of decision making problems, it is 
difficult for decision-makers to express a preference precisely by crisp numbers for multiple attribute 
decision-making (MADM) and multiple attribute group decision-making (MAGDM) problems with 
incomplete, indeterminate and inconsistent information. Under these circumstances, Zadeh [35] 
proposed the fuzzy set (FS) theory, which is an effective tool to describe fuzzy information and then is 
used to solve MADM and MAGDM problems [5, 30]. Since FS only has one membership, and it 
cannot handle some complicated fuzzy information. Then, Atanassov [1,2] proposed the intuitionistic 
fuzzy set (IFS) by adding the non-membership on the basis of Zadeh’s FS, so it is composed of 
truth-membership T,(x) and falsity-membership F,(x) . In the IFS, membership degree and 
non-membership degree are expressed by real numbers, sometimes, it is insufficient or inadequate to 
express more complex qualitative information, then Chen and Liu [7] proposed a concept called 
linguistic intuitionistic fuzzy numbers (LIFNs) in which the membership degree and non-membership 
degree are expressed by linguistic terms. However, these concepts aforementioned can only process 
incomplete information but not the indeterminate information and inconsistent information. 

Therefore, based on the neutrosophy, Smarandache proposed the concept of the neutrosophic set 
(NS) [25, 26] in 1999, which added an independent indeterminacy-membership on the basis of 
intuitionistic fuzzy set. Obviously, NS is composed of truth-membership, indeterminacy-membership 
and falsity-membership, respectively, and it is a generalization of fuzzy set, paraconsistent set, 


intuitionistic fuzzy set, paradoxist set etc. Nowadays, many great achievements about NS have been 


made. For example, Wang et al. [28, 29] proposed a single valued neutrosophic set (SVNS) with 
extension of NS. Majumdar and Samant [19] proposed a measure of entropy of SVNSs. And that, Ye 
[32] proposed simplified neutrosophic sets (SNSs). Wang and Li [27] proposed multi-valued 
neutrosophic sets (MVNSs). In fact, sometimes it may be difficult to express the degrees of 
truth-membership, falsity-membership, and indeterminacy-membership by real values, similar to 
interval valued intuitionistic fuzzy set ([VIFS) introduced by Atanassov [3], Wang et al. [28] proposed 
the concept of interval neutrosophic set (INS) which is more convenient to deal with complex 
information. 

In recent years, information aggregation operators [12, 14, 15, 17] have attracted wide attentions 
of researchers and have become an important research topic in MADM or MAGDM fields. Because 
they have more advantages than some traditional approaches such as TOPSIS [10], VIKOR [13], 
ELECTRE [16] and so on. For instance, aggregation operators can provide the comprehensive values 
of the alternatives and then do ranking on the basis of them while traditional approaches can only give 
the ranking results. Now many different operators were developed for some special functions, such as 
power average (PA) operator [31] which can aggregate the input data by assigning the weighted vector 
based on the support degree between the input arguments; Heronian mean [4] and Bonferroni mean [6] 
can consider the interrelationship of the input arguments. Yu and Wu [34] explained the advantages of 
HM over BM are that HM can consider the correlation between an attribute and itself, and can relieve 
the calculation redundancy. However, in real decision making, because of the complexity of decision 
making problems, there exist the interrelationships among more than two attributes, and BM or HM 
can only consider the interrelationship between any two input arguments. Obviously, they are difficult 
to deal with this situation. Muirhead mean (MM) [21] is a well-known aggregation operator which can 
consider interrelationships among any number of arguments assigned by a variable vector P, and some 
existing operators, such as arithmetic and geometric operators (not considering the interrelationships), 
BM operator and Maclaurin symmetric mean [22], are its special cases. Therefore, the MM can offer a 
flexible and robust mechanism to process the information fusion problem and make it more adequate to 
solve MADM problems. However, the original MM can only deal with the numeric arguments, in order 
to make the MM operator to process the fuzzy information, Qin and Liu [23] extended the MM 
operator to process the 2-tuple linguistic information, and proposed some 2-tuple linguistic MM 
operators, then applied them to solve the MAGDM problems. 

Due to the increasing complexity of the decision-making environment, it is usually difficult for 
decision makers to give the evaluation information by crisp numbers. Because INSs can better deal 
with fuzzy, incomplete, indeterminate and inconsistent information, and the MM operator can consider 
interrelationships among any number of arguments, it is meaningful to extend the MM operator to 
process interval neutrosophic information. So, the aims of this paper are (1) to propose some new 
interval neutrosophic MM operators by combining MM operator and INS; (2) to explore some 
desirable properties and special cases of the proposed operators; (3) to propose a multiple-attribute 
group decision making (MAGDM) methods based on the proposed operators; (4) to show the 
effectiveness and advantages of the proposed methods. 

So the rest of this paper is organized as follows. In the next Section, we briefly review some basic 
concepts, and operational rules, comparison method and distance of INNs, Muirhead mean (MM) 
operator. In Section 3, we propose the some interval neutrosophic MM operators, and study some 
properties and some special cases of these operators. In Section 4, we develop two MADM methods for 


INSs based on the proposed interval neutrosophic MM operators. In Section 5, an illustrative example 


is given to verify the validity of the proposed methods and to show their advantages. In Section 6, we 


give some conclusions of this study. 


2. Preliminaries 


2.1 The interval neutrosophic set 
Definition 1 [25]. Let X be a space of points (objects), with a generic element in X denoted by x. A 


neutrosophic set A in X is denoted by: 
A= {x(Ta(x),14(X), Fao) |x € X} 


where T,(x),I,4(x) and F,(x) denotes the truth-membership function, the indeterminacy-membership 


function and the falsity-membership function of the element x € X to the set A respectively. For each 
point x in X , we have T, (x), I,(x), F,(x) € ]0°,1°[ , and” <T,(x)+1,(x) + F,(x) $3". 


The neutrosophic set was mainly proposed from the philosophical point of view, it is difficult to 
apply to the real application. To solve this problem, Wang et al. [28] further proposed a single-valued 
neutrosophic set from a scientific or engineering perspective, which is an extension of fuzzy set, 
intuitionistic fuzzy set, paraconsistent set, paradoxist set etc. The definition of a single-valued set is 
given as follows. 


Definition 2 [29]. Let X be a space of points (objects), with a generic element in X denoted by x. A 
single valued neutrosophic set (SVNS) A in X is denoted by: A= {x(T(x), I, (x), F ‘a(x))|x eX \ where 


T,(x) , 1,(x) and F,,(x) denotes the truth-membership function, the indeterminacy-membership function 
and the falsity-membership function of the element x € X to the set Arespectively. For each point x in 
X , we have T, (x), I,(X), Fa(x) € [o,1], and0<T,(x)+1,(X)+ F,(x) $3. 

For simplicity, we can use x =(T,I,F) to represent an element xin SVNS, and the element x is 
called a single valued neutrosophic number (SVNN). 

In order to describe more complex information, Wang et al. [27] further define the concept of 
interval valued neutrosophic set shown as follows. 


Definition 3 [28]. Let X be a space of points (objects), with a generic element in X denoted by x. A 
interval neutrosophic set (INS) Ain X is denoted by A= {x(T4(X), T(x), F4(x)]x eX \ where T,(x), 


I,(x) and F(x) denotes the truth-membership function, the indeterminacy-membership function and 


the falsity-membership function of the element x <¢ X to the set A respectively. For each point x in X , 


meets T,,(x), I(x), F(x) < [0,1], and 0 < sup(T,,(x))+sup(I,(x))+sup(F,(x)) <3. 

For simplicity, we can use x = (eas 101° LF’, Fo 1) to represent an element x in INS, and it 
is called interval neutrosophic number (INN). where [rT Pi ak | <[0,1] , Ee ei | <[0,1] , 
[F’.F° |c[0,tjandT’ +1" +F" <3. 


Definition 4 [33]. Let x=([7,07 [07 [LRU |) and y=((t0y [20 |. [BE J) be 


two INNs and k > 0 .The operations of INNs can be defined as follows: 


()x@y=([Ti +7) -1/ 7) 7! +0! - 77! | [0 [BIBL BYE, |) (1) 
(2)x@y=((TT TTY |. +t) - i +0) - 11) |, RO +BY - RE) RY + Ey - FF |) (2) 
epree(i-(e-ny aceney Joye Ley ey p @) 
ax =( (n'y (ary |. [a-G-af)* 1-0-1) |.[a-(-#t)*a-(1-FY)" (4) 


Example 1. Let A =([0.7,0.8],[0.0,0.1],[0.1,0.2]) and B = ([0.4,0.5].[0.2,0.3],[0.3,0.4]) be two INNs, andk = 2, 


then we can get the following operational results. 


(1) 2- A = ([0.91,0.96],[0,0.01],[0.01,0.04]) , 
(2) A’ = ([0.49,0.64],[0,0.19],[0.19,0.36]) , 
(3) A® B = ([0.82,0.90],[0,0.05],[0.03,0.08]) , 
(4) A- B = ([0.28,0.40],[0.20,0.37],[0.37,0.52]), 
Theorem 1. Let 4=((7).07 |.[00 |[ROR |). 4=((0.0 [20 |B O8 |). and 


A= gee sa or |.[FLE? ]) be three INNs, then operational rules of INNs have the following 


properties. 

(1) A, @ A, =A, OA; (5) 
(2) A, @A, = Ay @A,; (6) 
(3) A(A, @A,) =AA @AA,,A>0; (7) 
(4)(A @A) =A’ @A),A>0; (8) 
(5) AAPA,A=(A,+1,)AA,>0, A, >0; (9) 
(6) A* @A® =A”, 2,>0,2,>0; (10) 


According to the score function and accuracy function of IFSs [8,9,24], the score function and 


accuracy function of an INN can be defined as follows. 
Definition 5. Let x= (ese ‘Lier ].[FYF’ ]) be an INN, and then score function s(x) and 


accuracy function a(x) of an INN can be defined as follows: 


Pear fare ha Fr+eF’ 
(1) s(x) = ar) ae = : (11) 
2 2 o) 
TF" Peer? Fe ap? 
(2) a(x) = 5 +1 5 + 5 : (12) 


Then according to score function s(x) and accuracy function a(x) of INNs, we can give the 


comparison method for INNs as follows. 
Definition 6. Let x=({7',7," |,[1/.17 ],[F'. FY |) and y=((1/.T7 |. 2.0) |.[F.By ]) be two 


INNs, then we have 
(1) If s(x) > s(y) , then X is superior to Y , denoted by X > y; 
(2) If s(x) = s(y) and a(x) > a(y), thenX > Y; 
(3) If s(x) = s(y) and a(x)=a(y), then denoted by *=Y . 
2.2 The Muirhead mean (MM) operator 
The MM was firstly introduced by Muirhead [21] in 1902, which was defined as follows: 


Definition 7 [21]. Let ,(i=1,2,...,n)be a collection of nonnegative real numbers, and P =(p,,p,,--» p,) 


eR" bea vector of parameters. If 


1 
1 “ |S», 
MI (tnt) =[ BO Tay (13) 


Ns ges, j=l 


Then we call MM° the Muirhead mean (MM), where 9(j)(j =1,2,---,n) is any a permutation of 


(1,2,---,n),andS,, is the collection of all permutations of (1,2,---,n). 


In addition, From Eq. (13), we can know that 
(1) When P=(1,0,---,0) , the MM reduces to MM“ (2 6 yore )= D1 which is the 
= 
arithmetic averaging operator. 
(2) WhenP=(¥,¥,--:,%), the MM reduces to MM 6%) (a4, ety 0) =] [art which is the 
jal 


geometric averaging operator. 


(3) When P =(1,1,0,0,---,0) , the MM reduces to MM 199) (Qc .40.)= y aa. 


which is the BM operator [6]. 
n-k 


foe ae 
(4) When P =(1,1,---,1,0,0,---,0), the MM reduces to 


k 
fh its ® a, 
(1,1,--,1,0,0,--:,0) 1Si, <...Xi,<n j=l miehes a lau 7 
MM ( @js@35-05;) = ee | the Maclaurin symmetric mean 
n 


(MSM) operator [18]. 
From the definition 7 and the special cases of MM operator mentioned-above, we can know that 
the advantage of the MM operator is that it can capture the overall interrelationships among the 


multiple input arguments and it is a generalization of some existing aggregation operators. 


3.Interval neutrosophic Muirheadmean(INMM) operators 


Because the traditional MM can only process the crisp number, and INNs can easily deal 


indeterminate and inconsistent information, it is necessary to extend MM to process INNs. In this 
section, we will propose some INMM operators for the interval neutrosophic information, and discuss 
some properties of the new operators. 


3.1Interval neutrosophic Muirhead mean (INMM) operator 
Definition 8. Leta, = eed i [i at |,[F FY ]V(i =1,2,..,n) be a collection of INNs, and P =(p,, p,,--, P, ) 


i 


¢ R" be a vector of parameters. If 


n! ges, ja 


af 
INMM? (04, 0.) 5.045 o-(4 ¥ [le at fr (14) 
Then we call INMM ° the interval neutrosophic MM (INMM) operator, where .%( j)(j =1,2,---,n) is any 


a permutation of (1, 2,---,n), and S, is the collection of all permutations of (1,2,---,n) . 


i 


Theorem 2. Let a, = (gear JF eset al Poesia) Ces eae) be a collection of the INNs, then the 


aggregation result from Definition 8 is still an INN, and has 


i oe Mh w/o, a ay nS 
INMM? (01,,02,,...,) = Sivicgrcan } c }-((-Tes) } ay 


nt |? nm |, 
A (ml -Te- ee) aes (ml -Te- 0") "1 (15) 


eS, BES, 


1 1 


fl x n nl! Di 
eld He -Te- Fi," os 1-{fI(-Ta-et,0") jal 


JES, 


Proof. 


We need to prove (1) Eq. (15) is right; (2) Eq.(15) is an INN. 
(1) Firstly, we prove the Eq. (15) is kept. 


According to the operational laws of INNs, we get 


atty = {| (Tkn)” (Tato) | [2- (l- Tg)" Tt 149)” |[1-G- Fay "1-0- Fey)” ]}, 


and 


Tet =|[ Tey assy" jf -TIe- Ea) ,l- [e- Hi | 


1-T]e- Fy)" A-[][0-Fy)” ) 
jal jel 


then 


Zt jefe") 


J J 


T{-Tle-a0" } H[-f]e-n0" }){t0-Te-rio" } Il 1-][a-FA,)” | 


eS, 
further, 


ar 
ay 
fa 
S 
nH 
fa 
= 
- 
Il 5 
w 
Pie 
= 
Rey 
ra 
S 
— 
s 
ee; 
= 
Gr 
iM 
= 
a 
SS 
= 
Gay 
S 
m 
nH 
FN 
= 
re 
Il s 
w 
——s. 
ram 
— 
S&C 
S 
— 
sc 
Roe ay 
ey 
[es 
MS 
IMs: 
mS 


ie., (15) is kept. 
(2) Then we will prove that (15) is an INN. 


LetT* = (pT) Ue SP | [1 is)" ) a 
GES, j=l GES, j=l 


Then we need prove the following two conditions. 
@) [1,7 ]c[oa},[1'.1° |c fou], Ft.F” [co]; 
(ii) O< T° +1° +F" <3. 


(i) Since T,,,, = [0,1], we can get 


(TZ) €10,1] and] ](T ») €10,11, 


j=l 


then 1-T](Bin)” < [0,1], F(s-F](2s,)” etoan.an fra s-T1e2ss)" }} «toa, 


3S, dS, j=l 


j=l 


further, 


GES, j=l jal 


(F=f) <0 -(o(-Thesy")) *” eto, 


ie.,0<T* <1. 


Similarly, we can get O<T” <1,0<I' <1,0<I" <1,0<F’ <1,0<F" <1. 


So, condition (i) is met. 
(ii) SinceO<T’ <1, O<I" <1, O<F” <1,then we can get O<TY 41° +F" <3. 
According to (i) and (ii), we can know the aggregation result from (15) is still an INN. 
Then according to (1) and (2), Theorem 2 is kept. 


Example 2. Let x = ([0.3,0.4],[0.1,0.3],[0.4,0.5]) , y =([0.5,0.6],[0.1,0.4],[0.1,0.3]) and 


Z= ([0.4,0.5] ,[0.1,0.3] ,[0.3,0.4]) be three INNs, and P = (1.0,0.5, 0.4) , then according to (15), we have 


1 


n n! Dj n nl Sa 
wooo (ya) =| fof TCT} PP fae) |)" f 
GES, j=l deS, j=l 
[ 1 1 
a yp nl yp 
1- [Tp Feri" \r "1- (Tp -e-2" | joer 
GES, jel GES, jel 
: aR 1 
nm |p a yp 
1- (Ap -Te-#tin" Ose -(Ap-Te-#n" if 
FES, j=l GES, j=l 


1 


1- (a —0.3'° x0.5°° x 0.4°*) x (1-0.3"° x 0.4°° x 0.5°*) x (1- 0.4" x 0.5°° x 0,3") x |h0+0.5+04 


’ 


AF 
(1-0.4"° x 0.3°° x 0.5°*) x (1- 0.5" x 0.3°° x 0.4°*) x (1-0.5'° x 0.4°° x 0.3") 


1 
1- (a —0.4'° x 0.6°° x 0.5°*) x (1- 0.4"? x 0.5°° x 0.6°*) x (1—0.5"° x 0.4°° x 0.6%") x \h0+05+04 


iL, 
(1—0.5'° x 0.6°° x 0.4°*) x (1- 0.6" x 0.4°° x 0.5°*) x (1-0.6'° x 0.5°° x 0.4°*))% 


1 
1 \1.0+0.5+0.4 
1-|1-((1-@-0.1)"" x @-0.1)"* x @-0.1)") 6)? 


1 
1 \1.0+0.5+0.4 |? 


(1-@-0.3)"? x (1- 0.4)" x (1-0.3)"*) 4 2x (1-1 0.3)" x (1 0.3)°* x 1- 0.4)*) 42x 


1-]1- (1-@-0.4)'° x (1—0.3)°° x(1-0.3)4) 2 
(1- (l- 0.4)'° x(1- 0.1)°° x(1- 0.3)"*) x (1- (1- 0.4)'° x(1- 0.3)°5 x= 0.1)") x ; 10+05+04 
1-]1- (1-@-0.1)"" x (1-0.4)°° x (1-0.3)™)x(1-(@-0.1)"" x(1-0.3)° x (1-0.4)"™) x 


(1-@-0.3)'° x (1-0.1)"* x (1-0.4)"*) x (1-(1-0.3)"” x 1- 0.4)" x 0-0.1)™) 


1 
1 \10+05+04 


(1-(-0.5)'? x (1-0.3)"* x (1-0.4)*) x (1-1 - 0.5)" x (1-0.4)"5 x (1 0.3)°*) x |! 
1-| 1-| (1-(1-0.3)'* x (1- 0.4)°* x (1—-0.5)"*) x (1- (1 0.3)" x (1 0.5)"* x (1-0.4)"*) x 
(1- 0.4)" x (1-0.5)"* x 1 0.3)*) x(1—1-0.4)'* x (1 0.3)"* x 1 0.5)"*) 


=([0.393, 0.495], [0.181, 0.335],[0.273,0.404]) 
Next, we will discuss some properties of INMM operator. 
Property 1 (Idempotency). If all @, (i =1,2,...,n) are equal, i.e., a, =a = (rir’ [oe pLeLe? } , then 
INMM ° (@,,01...50,)=@. 


Proof. 


Since a, =a= (rr! | | Poe’ ) , based on Theorem 2, we get 


mel tneser -efP 


1 


1-/1 Tl: ate zp) F 1 : Tl: ate ry)] i : 


1-]1 T(: ate ey”) i me : T(: ate ry) 
Sp at DP) Sp nl LP 
=|||1-| T] 1-(T*)a" J1-| [] 1-(T" )ia" , 
| 
{2 {yen ] asi {D[-en* | ele 


n mP nt | oP 
i= M ars? } ae | ba ] 
GES, GES, 
n! a >», nt |>oP 
= (ee | F (+(e) | | 
ee em peta ga a2) aay ; 


1 1 


( ; all dP, ( ; Se ii dP 
1-|1-|;1-@-F’)” 1-]1-}}1-G-F°)" 
[®t Pe Ph 


1 


ones" s-[o-en®” 


=((r4r" |, (4 a-1'),1-(@-1")],[1-G-F),1- F’)]) (ere Ler |e” |): 


Property 2 (Monotonicity). Leta, =([7',1" ],[1/.17 |,[F'.8Y Jjanda! =([7"",7/" |.[1/".1" |.[RR” |} 


(i =1,2,...,.n) be two sets of INNs. IfT,” >7,",T, >T/", I? <17",1) <I", FY <F"",F" <F" for alli, 


then 
INMM° (@,,@;,...,0,) 2 INMM ° (@,0%3,..,@,). 
Proof. 
" INMM (Goce (1 sr lar” |, F" ), 
t ’ 
; IFMM? (a7, @;,...0,)=(T",T” ],[ 1,1 |,[ FE” )) 
where 
1 1 
n nl Pj n nl Pj 
rf T-type) |) 
GES, jel GES, jel 
1 iT 
n nl [Pi nm [Py 
o o-(op-ryesy Fee -f-[ tes 
GES, jel GES, jel 


1 1 


Taps Pj = Sp, 

and I" =1 : fl: Ia a) 7 = “+f nc IIa ri" F 
\ Eo a Lo, 

I =1 -(T(-fte-0") -(1-(H(-ffe-2 fF 
ij En i de, 

Fiat -(H(-fe-ar 1-]1-([-fTe-2eior | 


7 oP 7 yp; 
soLgegeeny ok ne fern) 


Since T,” >T,'",T,” >T," we can get 


(Toy) > (Teen) (Tse) > (Too) and II Tay) 2 (Tin) T(t)" =] [(Tn 
ir it iz 
then] 1 tag) “te, T(tsi))"- II Tin) $ID [(Fotn)” » 
nl (in) [Tyas bop -Thes.y” safes). 
GES, j=l GES, j=l GES, j=l GES, j=l 
and 
pat Ed = i 
fraf-ratesy” |) <(10(e-tHe") (athe) sre) 
GES, jel GES, jel GES, jel GES, jel 
further. 
= = a 
(ees (ote ote |= 
GES, jel GES, jel IES, jel IES, jel 
and 


Le, TST! Tt ST! . 
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Similarly, we also have I* <I'",I° <I ,F’ <F",F" <F”. 
In the following, we will discuss three situations as follows. 


(1) 1fT’ =T",T’ >T” , andi’ <I", 1 <I" ,F' <F",F° <F”, then 


INMM° (@,,0,...,2,,) > INMM ° (a,.0%3,...,@;,) ; 


n 


Qt rar rar! ene: Teper <p pepe? Ser then 


INMM® (@,,0,...,@,) > INMM * (a1,.0%,...,@1) ; 


n 


(it Tosr rar and Tar sr" esr PSP” then 


INMM? (a,,@,,...,@,) = INMM° (a, 0%3,...,00,) « 


So, Property 2 is right. 


Property 3 (Boundedness). Leta, =([ ple ye eal (i=1,2,...,n) be a collections of INNs, 
and a =(min(T,),max(J,),max(F,)),@* =(max(T,), min(J,), min(F, )) , then 


a <INMM* (@,,@,..,@,)Sa°. 


Proof. 


Based on Properties 1 and 2, we have 
INMM ° (@,,@3,...,@, ) = INMM* (essai) =a 


P P + + +\_ + 
12 AQ o209 A, J > ’ gerry . 
and INMM? (@,,0,,...,@,)< INMM"(a*,a’,...,a°)=a 


So, wea <INMM*(@,,0,...,@,)Sa@’. 


In the following, we will explore some special cases of INMM operator with respect to the 
parameter vector P. 


(1)When P = (1, 0,--+,0) , the INMM reduces to the interval neutrosophic arithmetic averaging operator. 
(1.0,---,0) 12 
INMM (,,0y5.4@,)=— >a, 
nia 


Z (-Pfa-n5eea-Tyo-neo" [TTC Sa W(t lft matte r) (16) 


jal j=l j=l j=l 


(2)When P =(A,0,-:-,0) , the INMM reduces to the interval neutrosophic generalized arithmetic 


averaging operator. 
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BR 
| 
oy 
BR 
| 
rm 3 
— 
jan 
| 
rt 
jay 
| 
7 
ial 
— 
MS 
— 
e 
3 
———— 
~ 
Bh 
| 
ae." 
PR 
| 
— 


(1-G-F’)’) (17) 


(3)When P = (1,1, 0, 0,---,0) , the INMM reduces to the interval neutrosophic BM operator. 


5D 1/2 1/2 
2. 1 1 
INMM*")(a4,03,.0,)=| ——~ Yaa, | =||[1-[[(i-netty | fa-[]a-rere yr" | 
n(n-1) iy ij-l 5 
14] i#j izj 
[ 1 V2 Le 
1-\1-T (een ae Chere ; (18) 
aa i jel 
[ 1 ue 1 V2 
1-|1- (RY +Ft—RtRt) ) a-|1 Te + FY pepe 
ijal i, j=l 
iz] izj 


k n-k 
en 


(4)When P= (1,1,---,1,0, 0,---,0), the INMM reduces to the interval neutrosophic Maclaurin symmetric 


mean (MSM) operator. 
; i 
ERTS 1<i, Roh <n ® a, 
TIN MIM Oe oes On, Ve aa aa 
k \Wk k \WVk 
k VC, k V/C, 
=||{1- I] Gica Ji- TT [1-1] | ; 
1Si <...<i, <n j=l 1Si, <...<i, <n j=l (19) 
[ uck \Uk uck Wk 
k mn k * 
1-\1- |] Cle) i-|1= J] -Pyl-2")| , 
1Si, <...<i, <n fet 1Si, <...<i, <n pet 
r uck \vk uck \Vk 
k n k in 
1-}1- [] [-T]G-#:)) i-l1= J] [- 7) 
1Si, <...<i, <n j=l : 1Si, <...<i, <n jet ’ 


(5)When P = (1,1,-+-,1) , the INMM reduces to the interval neutrosophic geometric averaging operator. 
a In 
INMM (L151) (a, By y.05 Oy ) = Tl a, 
j=l 


Un In In In (20) 
z Fey f1e°)"}-{Me-rp| +{fle-1)] |)-(fIe-r9] -{fle-F)] | 


jal j=l 
(6)When P=(¥%,%,-- Me the INMM reduces to the interval neutrosophic geometric averaging 
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operator. 


INMM 70) ((1, Oty yous )=[]e" 


- fey tee Ih {Tle r p} a-(te-ap) ff-(te-ep)a-(te-a9) 


(21) 
j=l jel 


Further, in order to discuss the monotonic of INMM operator about the parameter vector P « R" , we 
firstly cited a lemma. 
Lemma 1. [20] Let P = (p,, p,,---, p,) and Q = (q,,q,,°-:,q,) be two the parameter vectors, if 


YP s Yan (j=1,2,---,n-1) 
jal jal 
yp,-d4, (22) 
j=l jl 
where ([1],[2],---,[m]) is a permutation of (i =1,2,...,n) and meets p,;, > P,j.1%j) 2 Gey fOr all (i =1,2,...,n). 
Then we can call that P is controlled by vector Q , expressed by P<Q. 
Theorem 3.Let a, = (mr |, [1 Nig : [FYFY Dei =1,2,...,n) be a collections of INNs, and P =(p,, P),-",P,), 
Q=(q,;%,°*:,4,) be two the parameter vectors, if P~<Q, then 
INMM ° (@,,@3,...,,) < INMM ® (a4, @3,...,, ) (23) 
The proof this theorem is omitted, please refer to [23]. 


3.2. The interval neutrosophic weighted MM operator 


In actual decision making, the weights of attributes will directly influence the decision-making 
results. However, INMM operator cannot consider the attribute weights, so it is very important to take 
into account the weights of attributes for information aggregation. In this subsection, we will propose a 


weighted INMM operator as follows. 


Definition 9. Let aes (Bee Let LAS BG 22 cen) be a collection of INNs, 


i 


W, iy be the weight vector of a; (i=1,2,...,n), which satisfies w, [0,1] and > w, =1, and 


i=1 


W=(W, Wy 5005 


let P=(p,, p,,--:, p, )€ R" be a vector of parameters. If 


1 


INWMM? (,,0 50.050 o-(4 YL [Tro n2oey)” a (24) 


n! ges, ja 


Then we call INWMM° the interval neutrosophic weighted MM (INWMM), where A j)(j =1, 2,---,n) is 


any a permutation of (1, 2s, n) ,and S_ is the collection of all permutations of (1, 20, n) ; 


Theorem 4. Let a, = (ies |, [1 a ey [FRY I)(i =1,2,....n) be a collection of INNs, then, the result from 


Definition 9 is an INN, even 
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INWMM ® (04, 0(35-.-5,) = 


n Lynw, Pj ni So, ee Ni z So, 
1 H(: H(t (-Ty(;)) a) oars i n(: Tt (1 Ta) | ay 
dS, j=l GES, jel 


1 (Tp IIc (1, rye yy |, {Hi tie Wyn FP (25) 


l a a 
nWg 7 de, nW9¢; ‘i yi 
1-/0-(Tf-Te-tess yy] PP aef-[ Teles ye] 
BES, IES 
Proof. 
Because 


MW 5 j)9(/) -([1-0-T4 "1-0-7," } Nay CP aa (Fas oe core aaa 


with 1-(1-Ig,,,)"" and F,,,) with 


we can replace T, Cf) 


4 in Eq. (15) withi-a-Tf,)™” , Ik, 


1-(1-F,,)""" , then we can get Eq.(25). 


Because a, is an INN, nW,, gj is also an INN. By Eq.(15), we know INWMM ° (01,05... ) is 


an INN. 
In the following, we shall explore some desirable properties of INWMM operator. 


Property 4 (Monotonicity). Let a, = (7, alt bee i’ | [FF ]) and ean” a ee A} 


iri 


(i =1,2,...,.n) be two sets of INNs. If 7," >7/",T, 27," , I) <1/',T) <1" FY <F",F? <F” for alli, 


then 
INWMM°® (@,,@,...5@,) 2 INWMM? (a1, @,...,001) « 
The Proof is similar to that of INMM operator, it is omitted here. 


bet 


Property 5 (Boundedness). Let a, =([1", t Ane I ak [FF }) (i=1,2,...,.n) be a collections of INNs, 
anda =(min(T,),max(J,),max(F,)),@* =(max(T,),min(J,), min(F, )) , then 


(rire |r re |. [BE BY ])< INWMM? (@,,0,,....0,)<((TE,78 ],[14.1 |. FE .FY ]), 


where, 


ul P ni [Sas u Pj 
iat nit I](i-a nity) Be oleae nie [](-a noire) "i 
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5 


1 


; wi Sr: 7 
Fr =1-|1 nie Ile nace Spee deld ir Ile nacetyy | 
eS, j=l GES, j=l 
n p i os n D, 7 
T =|1 nit I](-@ voy} eee nie I](-@ voy)" | 
JES, jel GES, jel 


I, =1-|1 nic IIa wintry ee eael nic IIa minty | 


JES, j=l 


1 \a 5 * 1 


n nt yp; n n! 
Ft =1-/1 tle [[¢ ninenyy) Geta 4 ic I[e nines 


ja 
Proof. 
According to Property 4, we have 
INWMMP (a, ar, ...,@) $ INWMM? (0%, 035... 0, ) S INWMM? (a¢*,a"*,...,."), 
According to Eq. (27), we have 


INWMM? (G52 nse | = 


7 Pj ri P u P; a Yo, 
nl-teemerm rf {etm 
98, jal eS, j=l 
n i yp, n a vp, 
1-1 Til} Ile mancty™y" oe ne IIa nancy") rel, 
GES, Jal GES, jel 
n a sh n a dp? 
1-/1 Tl! [[¢ mnceyy") ree ne IIc nance)” } = 
GES, Jal GES, jel 
and 
INWMM? (a*,@”*,...,0°) = 
n Pp i =, n Pp i ») 
1 HH: (1-a marcy") “op HH: T(i-« nancy) : 
GES, jot GES, jel 
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GES, jel 


" e uu a Yo, 
) tc Ia mincyry")  1-}1 rl [[a nina" aT | 


1 1 
1 a 1 1 
n nl DP n mn! ; 
1-}1 ne I[e ming | ogi ne ate mince" | e 
9eS, j=l IES, j=l 


So, INWMM" (a ,a,...,a)< INWMM ® (@,,01),....,) < INWMM" (a*,@*,...,0°°). 


Theorem 5.The INMM operator is a special case of the INWMM operator. 


Proof. 
When w-(24, 2) 
nn n 
INWMM? (@,,0%5...,) =| || 1 e IIt-a ny)" aan i j IIG-a ea an 
BES, j=l GES, j=l 
Wa j) r Se WC i) 7 Se 
1-]1 [1 T]@-(fe) i "Ald f T1@-(s) | 
eS, j=l GES, j= 


E nWy 7 Se, ul nW9(j) 7 ae 
e(alete-eurer PE ate-earnf 


il Pj n! oP, a ae Pj ‘i SP, 

Sirite it (1-Ty,)) ‘ | J 1 nc ne (1-Ty)) ‘ | 
1-}1 (: IIc (Fan) | fe eg 14 c iat (as) a ae Ns 
1-|1 f IIa (Fey) 0) mj1-/1 c IIa (Fay) ) 7 

, a De, 7 ; ai >. 
= (nb Te,)" | , {Tf} T(t) } | 
a P; al >p 

fo-(rafette conn fF a-fo-(ra(e-tte-ton>) 


Haketeon fattest F 


= INMM* (@,,,...,@, ). 
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3.3. The interval neutrosophic weighted dual MM operator 


In the theory of aggregation operator, there exist two types, i.e., original operator and its dual 
operator, for example, arithmetic average operator and geometric average operator. In this section, we 
will propose the dual MM operator for interval neutrosophic numbers based on the INMM operator as 


follows. 
Definition 10. Let a, =([7'," },[1/,1/ ],[F'.F” ])(i=12,..0n) be a collection of INNs, and P =(p,,p,,-,P,) 


e R" be a vector of parameters. If 


1 
1 n n! 
Peet ER TE (400) (26) 
pprre 
j=l 


Then we call INDMM° the interval neutrosophic dual MM (INDMM), where &(j)(j =1,2,---,n) is any a 
permutation of (1,2,---,n), and S, is the collection of all permutations of (1, 2,---,n) . 


Theorem 6. Let ¢, =((0'.0" | [007 [FF lt =1,2,...,n) be a collection of INNs, then, the result from 


Definition 10 is an INN, too, even 


INDMM°® (@4,,01),...50, ) = 


n ‘al = h + Si 
a as Tl: ate rin") mj1-|1 He ate a) a | 
eS, j=l dS, jal 
T(r.) n Be, “T/qu. \Pi 7 Se, (27) 
(rf T (250) } we ey {TTI } a 
(Hp I] (Fa) } (Hp T(x) } 


Proof. 


We need to prove (1) Eq. (27) is kept; (2) Eq. (27) is an INN. 
(1) Firstly, we prove the Eq. (27) is kept. 


According to the operational laws of INNs, we get 
L yPj U yPj L Pj uP; L \Pi uP; 
Pj% sj) =([1-a-7%,) 1-(-T5,5) ie) (Tac) |) (Fics) |)ana 


n 


(oan)={[t-T]a-ni" aoa,” ET al ar 


j=l j=l 


TF)" q (2) 


J= 


j j=l 
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then 


npr Ao) = 


& 


ra | 

© 

& 

ae. 
~~ 

i. 

a 
& 
— 
nies 
VS 
a 
& 
Yew wee aN 
ah 
om 
il 
F cae 9 
ra 
Me 
2G, 
o 
— 

3 
Ne” 
aD | 

Re 
| 
SS 
m 
Ac) 

Gi ON 
i 
ans 

S 
ay 
= 
— 

s 
Ne” 
BR 
| 

S 
nH 
aN 
p 

| 
a 
Il 

era 
i 
2G 
= 
— 

ais) 
Nee 
| 


j=l 


further, {1 Cicene yr (1 Gcon | 


Steen {fetter (thes 


=1 


[1S (0)]"= 


ee 

3 
oe 
S 
“ 


| (ol aon PE (ent fen PE 
(fetter {omens 


i.e., (27) is kept. 
(2) Then we will prove that (27) is an INN. 
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w(af-rer hE &--(al-tear fh P 


9ES,, jal 


Then we need prove the following two conditions. 

@) [1,7 ]c[oa],[1',1° |c fou], Ft,F” [co]; 

(ii) O< T° 4+I°4+F" <3. 

(i) Since T,,,, = [0,1], we can get 

(1-7) €f0,11,@-T,)” €[0,1] and Tl@-in)” < [0,1], 


J 


then 


[1-[Ja-8,)” Jeto, (1-TJa-ni* €[0,1], and H(-The-70" € [0,1], 


eS, 
further, 
iss 
1 1 
n nl n ; nl yi 
1-]]}1-[Ja-7,.)” | jetou, }1-[]}4-[]@-uy)” | | € 1041, 
IES, j=l SES, jel 


1 


1 


n nl , 
and 1-}1 nl Ila on) =e [0,1]. 
e 


3S, 


ie, O<T' <1. 


Similarly, we can get OST" <1,0<I’ <1,0<I" <1,0<F’ <1,0<F" <1. 


So, condition (i) is met. 
(ii) SinceO<T" <1, O<I" <1, O<F" <1,then we can get O<T" +1" +F" <3. 
According to (i) and (ii), we can know the aggregation result from (27) is still an INN. 
Then According to (1) and (2), theorem 6 is kept. 


Example 3.Let_ x = ([0.3,0.4],[0.1,0.3],[0.4,0.5]) , y = ([0.5,0.6],[0.1,0.4],[0.1,0.3]) and 


z= ([0.4,0.5] ,[0.1,0.3],[0.3,0.4]) be three INNs, and P = (1.0,0.5,0.4) , then according to (27), we have 


INDMM “°°°°*) (x, y,z)= 
1 1 
ait mes. 
n nl YP; n nl y 
1-|1- A(-The-789") pe spells A(-The-8,0") "1 
GES, jel GES, jel 
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ee m/e, EH m Pi 
(T(E) |) Pf Ene)” |)" FP" 

a 3 m |Sp, F nee a LP, 
{FTP -TH(e%) } - }-(O(-Tes) } . 


[ 1 
1 \1.0+0.5+0.4 


(1—(@-0.3)'"° x (1-0.5)"* x (1 0.4)*) x(1- (@- 0.3)" x @—0.4)* x (1-0.5)"*) x | 
=|/1-|1 (1 (1—0.5)'° x (1—0.4)°* x (1-0.3)*) x(1-(-0.5)"" x (1—0.3)°° x (1-0.4)"*) x : 
(1-(1-0.4)'” x (1—-0.3)"* x (1-0.5)*) x(1-(@-0.4)"° x (1-0.5)°° x 1—0.3)"*) 


1 
1 \10+05+0.4 


(1-(-0.4)'* x (1—0.6)"* x (1- 0.5)"*) x (1-1 0.4)" x (10.5) x (1 0.6)"*) x) 
1-| 1-] (1-@-0.6)'° x (1- 0.4) x (1-0.5)"*) x (1-1 0.6)" x (1—0.5)"* x (1-0.4)"*) x ? 
(1-(@-0.5)"° x @—0.4)"* x (1 0.6)"* ) x(1-@-0.5)"" x (1—0.6)°* x 1-0.4)"*) 


1 
1.0 Ae x 1 \iov05+08 
1—((1-0.1"° x0.1°° x 0.1") 6) 


1 


1—((1-0.3"° x 0.4°* x0.3°4) A 2x(1-0.3'° x0.3°° x0.4°) 42x (1—0.4"? x 0.3°% x 0.3") A 2)° ‘a : 


[ 1 
1 \1.0+0.5+0.4 


(1- 0.4'° x 0.1°5 x 0.3°* ) x (1- 0.4"? x 0.3°° x 0.1°* ) x (1- 0.1'° x 0.3°5 x 0.4°* ) x \3! 
si (1- 0.1'° x 0.4°° x 0.3°* ) x (1- 0.3'° x 0.4°5 x 0.1°4 ) x (1- 0.3'° x 0.195 x 0.4°*) 


1 
1 \1.0+0.5+0.4 


(1- 0.5'° x 0.4°° x 0.3°4 ) x (1- 0.5'° x 0.3°° x 0.4°4 ) x (1- 0.4'° x 0.3°° x 0.5°4 ) x \3! 
1-— 
(1- 0.4"? x 0.5°° x 0.3°* ) x (1- 0.3'° x 0.4°° x 0.5°4 ) x (a- 0.3'° x 0.5°° x 0.4°*) 


=([0.404, 0.505], [0.1, 0.343], [0.236, 0.393]) 
Next, we will discuss some properties of INDMM operator. 


Property 7 (Idempotency). If all a, (i =1,2,...,n) are equal, i.e.,@, =a =(T,1,F), then 
INDMM® (,,@),..@,)=@. 
Property 8 (Monotonicity). Let a, =([ AT LEY Lee |) and a(t” | Lee a || 


(i =1,2,...,.n) be two sets of INNs. If 7," > 77,7, 27", I) <1/',1) <1" FY <F",F” <F” for alli, 
then 


INDMM ° (@,,@,...5@,) 2 INDMM° (a,@5,...,a01) . 
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Property 9 (Boundedness). Let a, =([ et eee) (i =1,2,...,n) be a collections of INNs, 


anda =(min(T,),max(J,),max(F,)),@* =(max(T,),min(J,), min(F, )) , then 


a <INDMM°* (@,0%,..,@,)Sa’. 


In the following, we will explore some special cases of INDMM operator with respect to the 


parameter vector. 
(1)When P =(1,0,---,0) , the INDMM reduces to the interval neutrosophic geometric averaging 


operator. 


INDMM“™®) (@,, @3 5-055) = 


n Un n tn n n n n (28) 
[fe Te) Hf: IIa yt IIa eye [Ta i ea ase | I[a my) 


j=l j=l j=l 


(2)When P =(A,0,---,0) , the INDMM reduces to the interval neutrosophic generalized geometric 


averaging operator. 


, un U4 y un U4 
INDMM *°”) (G4, Gy 5-025 &y ) = f c (1-a-T;')’) ) af (i-a-T,")’) } 


(tere) fener) fener) fee] 


(3)When P = (1,1,0,0,-:-,0) , the INDMM reduces to the interval neutrosophic geometric BM operator. 


(29) 


INDMM (1,1,0,0,---,0) (a, ae a, ) a 


v2 en 
: 1 
1-/1 T(z li Tel, ia j1-}1 TI (2? T cry 
ie al 
1 ye (ae ‘a8 
* LyL n(n-1) n ede n(n-1) 
1-[] (1-1/1) J1-[ [ (4-127) 
i ia 
1 \? 1 yr 
aa n (1 FF} ‘as ice Il (1- F! IF ? 
i, j=l i, j=l 
tej iZj 


ok 
(4)When P =(1,1,---,1,0,0,---,0) , the INDMM reduces to the interval neutrosophic geometric 


Maclaurin symmetric mean (MSM) operator. 


k n-k 
——. 


INDMM 9) (gy, Qt, y 005 Oy) = 


1Si, <...<i, <n 


H- T] b-Tye-n)) i-(1- J] (.-Fya-n")) 
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Vk 


2 ; we . uct Wk 
L U 
mt (ete) fr (-tre)*) | 
I= J= 


1<i, <..<i, <n 1Si, =... <i, <n 


- (31) 


i ver ut 7 wek 
TE (te) | pe [TT] 
1Siy <...<iy <n j=l 


1Si, <..<i, <n 


(5)When P = (1, Ts -,1) , the IFDMM reduces to the interval neutrosophic arithmetic averaging operator. 


INDMM (11-1) (Gistisce a, ) a 


b-(te-n9} a-(fe-ap)” rete yen) yey" | < 


jal iF 


(6)When P =, Yee, the IFMM reduces to the interval neutrosophic the arithmetic averaging 


operator. 


INDMM 9) (055.045 ly) = 


»-(Ye-r9) 2-(te-n] || 1) Te ye: ye "J sd 


j=l j=l j=l jal 


Theorem 7. Let a, = (|e ee Dei =1,2,..,n) be a collections of INNs, and P = (Pp, P,*';P,)> 
Q=(q,,%,°**,4,) be two the parameter vectors, if P <Q, then 


INDMM ° (@,,0,;...5@, ) 2 INDMM ° (@,,0135..@,) (34) 


3.4. The interval neutrosophic dual weighted MM operator 


Similar to INWMM operator, we will propose interval neutrosophic dual weighted MM 
(INDWMM) operator so as to consider the attribute weights, which is defined as follows. 


Definition 11. Leta, =([04.0" | [1 LB” ])i=12...n) be a collection of INNs, w=(w,,W,,....W, ) 


a Wo aeeey 


be the weight vector of a@,(i=1,2,....n) , which satisfies w, <[0,1| and >, =1, and let 
i=l 


P =(P,, Py,"*, P, )€ R" be a vector of parameters. If 


INDWMM® (04; 5-5, ) = ; Th Seas") (35) 


Then we call INDWMM° the interval neutrosophic dual weighted MM (INDWMM), where 
Hj(j =1,2,---,n) is any a permutation of (1,2,---,n), and, is the collection of all permutations of 
(1,2,-++,n). 

Theorem 8. Let a, alta ila 1 [ELE [Vii =1,2,....n) be a collection of INNs, then, the result from 


ivi 
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Definition 11 is an INN, too, even 


INDWMM ° (@,,01,,...,2,) = 


1 1 
a Sip By sa” 
L NW, j) yr a 2) U NW, j) Pj a mi 
TT Ic (Pe) 1 Olt Ic (Try) ) 2 
7 1 1 
i seen: 
nW4( j) Pj il Pl = nWg j) Pj al 2) (36) 
1-|T]}1 Te (1-5) ) J1-]T]}2 att (-1,) ) ; 
9S, j=l 9S, jel 
- 1 1 
AN ane TN Sie = 
n nt Pj n nl YP; 
: ute I](i-a ry) "ft ne I](i-a ae) ; 
9S, j=l 9S, j=l 
Proof. 
Because 


Gia = [ (ta lta (Tet ee }L- (i- Lag 1-0- Lae? }.[a- ee ren 1- (Faia) ) 


ES 


swe can replace Ty ,,T5;) 


§ . L \hWsciy u_ \PWaci) L U . 
7 in Eq. (27) with (T3)) °°? (Ty) Agito. with 


1- (1-15) 1-0-1)" , and FE 


Hj)? Fy.) 


with 1-(1-FZ,)",1-(1-FY,)™ , then we 
can get Eq. (36). 
Because @,; is an INN, a@;/.\” is also an INN. By Eq. (27), we know INDWMM° (a,,,q,,,...,@,) is 


3(j) 


an INN. 
In the following, we shall explore some desirable properties of INDWMM operator. 


i 


Property 10 (Monotonicity). Let a, =((t07 | ere | [FRY |jandal =([7"".0"" |.[0.0" |. [F.8” ]) 


(i =1,2,...,.n) be two sets of INNs. IfT,” >T/",T,” 27)", I) <1/",1) <1" Fi < F",F" <F" for alli, 
then 


INDWMM°® (a,,0,,...,@, ) 2 INDWMM ® (@],003,...,@)) « 
Property 11 (Boundedness). Let a, (154 a [1 Abe |, FY ) (i =1,2,...,n) be a collections of INNs, 
and a =(min(T,),max(I;),max(F,)),a* =(max(T;),min(J;), min(F,)) , Then 


(ri re |. re [et ee ])<inpwmm® (a,,a,,...0,)<([7i.78 |, |, [FEY ]) 


where, 


ES, j=l GES, j=l 


n n! Xe; n i Xp; 
T’ =1-|1 Tl! I[¢ nanct'y™9") peers eae sip Tl: I]¢ moncreyoy” } me, 
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Theorem 9.The INDMM operator is a special case of the INDWMM operator. 
Proof. 
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4. The decision making approach based on the proposed operators 


In this section, based on the proposed INWMM or INDWMM operators, we will develop a novel 
MADM method, which is described as follows. 


Suppose we need evaluate m alternatives {A,, A,,---,A,,} with respect to n attributes {C,,C,,---,C,} 
in a MADM problem, where, the weight vector of the attributes is @=(@,,@,,---,@,) satisfying 
o,2 Oj =4 2,-+-,n), a, =1. R =[r, Jinxn IS the given decision matrix of this decision problem, 


j=l 


where r; =(T, a ee ate ) is an INN given by the decision maker with respect to alternative A for 


attribute C,. Then the goal is to rank the alternatives. 

In the following, we will use the proposed INWMM or INDWMM operators to solve this MADM 
problem and the detailed decision steps are shown as follows: 
Step 1: Normalizing the attribute values. In real decision, there exist two types of the attributes which 
are cost type and benefit type. It is necessary to convert them to the same type so as to give the right 


decision making. Usually we convert cost type to benefit one by the following formula (Note: The 


converted attribute value is still expressed by r, ): 


=((F Fy |.[a-17.1-47 |. 07.07 ]) (37) 


Step 2: Aggregating all attribute values r, (j =1,2,---,n) to the comprehensive value Z, by INWMM or 
INDWMM operators shown as follows: 

Z, = INWMM (1,5 Ti5°* 3 Tim) » (38) 

or z; = INDWMM (1, ,195°*+5 Tim) - (39) 


Step 3: Ranking z,(i =1,2,---,m) based on the score function and accuracy function by Definition 6. 
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Step 4: Ranking all the alternatives. The bigger the INN z, is, the better the alternative A is. 
5. An illustrative example 


In this section, an example for the multicriteria decision making is used to demonstrate of the 
application of the proposed decision making method, as well as the effectiveness of the proposed 
method. 

Let us consider the decision making problem adapted from [32]. There is an investment company, 
which wants to invest a sum of money in the best option. There are four possible alternatives: (1) A, is 
a car company; (2) A, is a food company; (3) A, is a computer company; (4) A, is an arms company. 
The investment company must make a decision according to the following three criteria: (1) C, is the 
risk analysis; (2) C, is the growth analysis; (3) C, is the environmental impact analysis, where C, and 
C, are benefit criteria and C, is a cost criterion. The weight vector of the criteria is 
w =(0.35,0.40,0.25)' . The four possible alternatives are evaluated with respect to the above three 
criteria by the form of INNs, and interval neutrosophic decision matrix D is listed in table 1. The goal 


is to rank alternatives. 


Table 1 interval neutrosophic decision matrix D 


C, C, CG 
A, ([0.4,0.5],[0.2,0.3],[0.3,0.4])  ([0.4,0.6],[0.1,0.3],[0.2,0.4]) —_ ([0.7,0.9],[0.2,0.3],[0.4,0.5]) 
A, — ([0.6,0.7],[0.1,0.2],[0.2,0.3]) ([0.6,0.7].[0.1,0.2].[0.2,0.3]) _([0.3,0.6],[0.3, 0.5],[0.8,0.9]) 
A, — ([0.3,0.6],[0.2,0.3].[0.3,0.4]) _ ([0.5,0.6],[0.2,0.3],[0.3,0.4]) _ ([0.4, 0.5],[0.2, 0.4],[0.7, 0.9]) 
A, _ ((0.7,0.8],[0.0,0.1],[0.1,0.2]) _ ([0.6,0.7],[0.1,0.2],[0.1,0.3]) _ ([0.6, 0.7], [0.3, 0.4], [0.8, 0.9]) 


5.1 The decision making steps 


To get the best alternative(s), the steps are shown as follows: 
Step 1: Normalizing the attribute values. 

Since C, and C, are benefit attributes, and C; is a cost criterion, we use the formulas (37) to get the 
standardized decision matrix, which is shown in Table 2. 


Table 2 standardized decision matrix D 


C, => “  -. a 
A, ([0.4,0.5],[0.2,0.3],[0.3,0.4]) (0.4, 0.6],[0.1,0.3],[0.2,0.4]) (0.4, 0.5],[0.8,0.7],[0.7, 0.9]) 
A, — ([0.6,0.7],[0.1,0.2],[0.2,0.3]) ([0.6,0.7].[0.1,0.2].[0.2,0.3]) _([0.8,0.9],[0.7, 0.5].[0.3, 0.6]) 
A, — ([0.3,0.6],[0.2,0.3],[0.3,0.4]) _([0.5,0.6],[0.2,0.3],[0.3,0.4]) —_ ([0.7,0.9],[0.8,0.6],[0.4,0.5]) 
A, — ([0.7,0.8],[0.0,0.1],[0.1,0.2])  ([0.6,0.7],[0.1,0.2],[0.1,0.3]) —_([0.8,0.9].[0.7, 0.6],[0.6,0.7]) 


Step 2: Aggregating all attribute values r, (j =1,2,---,n) to the comprehensive value Z,; by INWMM or 


INDWMM operators shown as follows (suppose P = (1,1,1) ) 
(1) For the INWMM operator, we have 
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z, = ([0.393, 0.526],[0.450, 0.470], [0.441,0.668]), z, =([0.640,0.737],[0.361, 0.314], [0.241,0.420]) , 
z, = ([0.459, 0.660], [0.488, 0.420],[0.342,0.442]), z, =([0.673,0.769],[0.341, 0.336] ,[0.230, 0.447]) 


(2) For the INDWMM operator, we have 
z, = ([0.411,0.547],[0.239, 0.383],[0.333,0.498]), z, =([0.686, 0.794], [0.183, 0.263], [0.224, 0.366]), 


d 


z, = ([0.534, 0.750], [0.302, 0.366], [0.323,0.421]) , z, =([0.714, 0.820], [0.002, 0.221], [0.174, 0.335]) . 


Step 3: Calculate the score function S(z,)(i =1, 2,3, 4) of the collective overall values z, (i =1, 2,3, 4) . 
(1) For the INWMM operator, we have 
S(z,)=1.439, S(z,)=2.009, S(z,)=1.714, S(z,)=2.021 
(2) For the INDWMM operator, we have 
S(z,)=1.753, S(z,)=2.223, S(z,)=1.936, S(z,)=2.402. 
Step 4: Ranking all the alternatives. 
According to the score functions S(z,)(i=1,2,3,4), we can rank the alternatives {A,, A,,A,, A,} 
shown as follows 
A,> A, >A, >A, 


So, the best alternative is A, . 


5.2 The influence of the parameter vector P on decision making result of this example 


In order to illustrate the influence of the parameter vector P on decision making of this example, 
we Set different parameters vector P to show the ranking results of this example. The results are shown 
in Table 3 and Table 4. 


Table 3 Ranking by utilizing the different parameter vector P of the INWMM operator 


Parameter vector P The score function S(z,) Ranking 

S(z,) = 1.640, S(z,) = 2.183 

P =(10,0) A, > A, > A, > A, 
S(z,) =1.897, S(z,) = 2.372 
S(z,) =1.542, S(z,) = 2.078 

P =(11,0) A, > A, > A, > A, 
S(z,) =1.773, S(z,) = 2.121 
S(z,) =1.439, S(z,) = 2.009 

P=(LLD A, > A, > A, > A, 


S(z,) =1.714, S(z,) = 2.021 
S(z,) =1.439, S(z,) = 2.009 
P =(0.5,0.5,0.5) A,> A, >A, >A, 

S(z,) =1.714, S(z,) = 2.021 
S(z,) =1.680, S(z,) = 2.205 
S(z,) = 1.932, S(z,) = 2.395 
S(z,) =1.713, S(z,) = 2.225 


poe S(z,) = 1.964, S(z,) = 2.420 ae ie 


P =(2,0,0) A,> A, >A, >A, 
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Table 4 Ranking by utilizing the different parameter vector P of the INDWMM operator 


Parameter vector P The score function S(z;) Ranking 
S(z,) =1.352, S(z,) = 2.004 
P =(1,0,0) A >+A,>+A,>A, 
S(z,) =1.710, S(z,) =1.964 
S(z,) =1.668, S(z,) = 2.205 
P=(11,0) A, > A, > A, > A, 
S(z,) =1.932, S(z,) = 2.395 
S(z,) =1.753, S(z,) = 2.223 
P=(111) A, > A, > A, > A, 
S(z,) =1.936, S(z,) = 2.402 
S(z,) =1.753, S(z,) = 2.223 
P =(0.5,0.5,0.5) A,>A,>A,>A, 
S(z,) =1.936, S(z,) = 2.402 
S(z,) =1.247, S(z,) =1.913 
P =(2,0,0) A, > Ay> A, > A, 
S(z,) = 1.634, S(z,) =1.811 
S(z,) =1.164, S(z,) =1.839 
P =(3,0,0) A, > A, > A, > A, 
S(z,) = 1.569, S(z,) =1.705 


As we can see from Table 3, the score functions using the different parameter vector P are 
different, but the ranking results are the same. From Table 4, we can know the ranking results may be 
different for the different parameters vector P , when the parameter vector P has only one real number 
and the rest are 0, that is, when the INDWMM operator reduce to the interval neutrosophic generalized 
geometric averaging operator, its ranking order is A,> A, >A, > A,; whereas in other case, the 
ranking results are the same as Table 3. In other words, we consider the interrelationship of attributes, 
the best alternative is A,, otherwise is A, . In general, for the INWMM operator, we can find that the 
more interrelationships of attributes we consider, that is to say, there are fewer 0 in the parameter vector 
P, the smaller value of score functions will become. The parameter vector P have greater control 
ability, the values of score function will become greater. However, for the INDWMM operator, the 
result is just the opposite, the more interrelationships of attributes we consider, the greater value of 
score functions will become. The parameter vector P have greater control ability, the values of score 
function will become small. So, different decision makers can set different parameter vector P 


according to different risk preference. 


5.3 Comparing with the other methods 


To further prove the effectiveness of the developed methods in this paper, we solve the same 
illustrative example by two existing MADM methods including the similarity measure proposed by Ye 
[32], the interval neutrosophic weighted Bonferroni mean (INWBM) operator extended from the 
normal neutrosophic weighted Bonferroni mean (NNWBM) operator [11]. The ranking results by these 
methods are shown in Table 5 (for the INDWMM operator, there are the same results as the INWMM 
operator, and they are omitted) . 

From Table 5, we can see that these methods produced the same ranking results. This shows that 
the new methods proposed in this paper are effective and feasible. Then, we give further analysis, when 
P =(1,0,0) , the INWMM reduces to the interval neutrosophic arithmetic weighted averaging operator. 
In other words, when P =(1,0,0), we can think that the input arguments are independent and the 
interrelationship among input arguments is not considered, just as the method in [32] is based on a 
similarity measure. When P = (11,0) or P = (2,2,0) ,the INWMM operator reduces to the interval 
neutrosophic weighted Bonferroni mean operator, which can captures interrelationship of two 


arguments. So we can get that the proposed methods in this paper are generalization of some existing 
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methods. 


Table 5 Ranking results compared with similarity measure method 


Aggregation operator Parameter value Ranking 
similarity measure [32] No A> A> A> A 
INWBM [11] p=q=l1 A, > A, > A, > A, 
INWM\M in this paper P =(1,0,0) A,> A, >A, >A, 
INWM\M in this paper P=(1,1,0) A,>A, >A, >A, 
INWMM in this paper P=(2,2,0) A,~ A> A> A, 
INWMM in this paper P=(41,) A,>A, >A, >A, 
INWM\M in this paper P=(2, 2,2) A,>A,>A,> A, 


However, there usually exist the interrelationships among more than two attributes in real decision 
making, BM operator can only consider the interrelationship between any two input arguments. In 
order to compare the performance and advantage of the new proposed method with the above existing 
methods, we revise the truth-membership values of the alternative A, which are listed in Table 6 and the 
final ranking results of the alternatives are shown in Table 7. 


Table 6 modified decision matrix D 


C, C, C, 
A, ([0.4,0.5],[0.2,0.3],[0.3,0.4]) —_([0.4,0.6],[0.1,0.3],[0.2,0.4])  ([0.4,0.5],[0.8,0.7],[0.7,0.9]) 
A, — ([0.6,0.7],0.1,0.2],[0.2,0.3]) ([0.6,0.7],[0.1,0.2],[0.2,0.3])  ([0.8,0.9],[0.7,0.5],[0.3, 0.6]) 
A, — ({0.3,0.6],[0.2,0.3],[0.3,0.4])  ([0.5,0.6],[0.2,0.3],[0.3,0.4]) —_([0.7, 0.9].[0.8,0.6],[0.4, 0.5]) 
A, — ([0.4,0.8],[0.0,0.1],[0.1,0.2])  ([0.5,0.7],[0.1,0.2],[0.1,0.3]) [0.8 0.9].[0.7, 0.6],[0.6,0.7]) 
Table 7 Ranking results by different methods 
Aggregation operator Parameter value Ranking 
INWBM [11] p=q=1 A, > A, > A, > A, 
INWM\M in this paper P=(111) A> A> A, >A, 
INWDM\M in this paper P=(11,1) A, > Ay> A> A, 


From table 7, we can know when we consider interrelationship of three arguments, the ranking 
results are different with that produced by considering interrelationship of two arguments. In a realistic 
decision making environment, we need consider the interrelationship for two arguments or multiple 
arguments according to the actual decision need, and the proposed methods in this paper can capture 
interrelationship of any multiple arguments, even don’t consider the interrelationship by parameter 
vector P 

In a word, according to the comparisons and analysis above, the proposed methods based on 
INWMM operator and the INDWMM operator in this paper is better and more convenient than the 


existing other methods in considering interrelationship of attributes. 


6. Conclusion 


NS is a generalization of fuzzy set, paraconsistent set, intuitionistic fuzzy set, paradoxist set etc. 
and the MM operator has a prominent characteristic that it can consider the interaction relationships 
among any multiple attributes by a parameter vector P . In this paper, we proposed some new MM 


aggregation operators to deal with MADM problems under the interval neutrosophic environment, 
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include the interval neutrosophic MM (INMM) operator, the interval neutrosophic weighted MM 
(INWMM) operator, the interval neutrosophic dual MM (INWMM) operator and the interval 
neutrosophic dual weighted MM (INDWMM) operator. Then, the desirable properties and some special 
cases were discussed in detail. Moreover, we presented two new methods based on the proposed 
aggregation operators. Finally, we used an example to illustrate the feasibility and validity of the new 
methods by comparing with the other existing methods. In the future, we will research some 


applications of proposed methods in real decision making. 
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